BipA is a highly conserved prokaryotic GTPase that functions to influence numerous cellular processes in bacteria. In Escherichia coli and Salmonella enterica serovar Typhimurium, BipA has been implicated in controlling bacterial motility, modulating attachment and effacement processes, and upregulating the expression of virulence genes and is also responsible for avoidance of host defense mechanisms. In addition, BipA is thought to be involved in bacterial stress responses, such as those associated with virulence, temperature, and symbiosis. Thus, BipA is necessary for securing bacterial survival and successful invasion of the host. Steadystate kinetic analysis and pelleting assays were used to assess the GTPase and ribosome-binding properties of S. enterica BipA. Under normal bacterial growth, BipA associates with the ribosome in the GTP-bound state. However, using sucrose density gradients, we demonstrate that the association of BipA and the ribosome is altered under stress conditions in bacteria similar to those experienced during virulence. The data show that this differential binding is brought about by the presence of ppGpp, an alarmone that signals the onset of stress-related events in bacteria.
GTPases represent a superfamily of proteins conserved across all species (5, 48) . While there is a great deal of information about the functional and structural aspects of eukaryotic heterotrimeric and small GTPases, little is known about their prokaryotic counterparts. Bacterial GTPases do not behave as analogs of eukaryotic GTPases, which function primarily as signal transduction proteins. What is becoming increasingly apparent is that most, if not all, bacterial GTPases act in concert with the ribosome to affect cellular events such as viability, protein synthesis, and pathogenesis (8, 10, 26) . Recent evidence suggests that they act to protect and stabilize the ribosome and link it to its external environment, thereby serving as regulation points (8, 12) .
BipA, also known as TypA, is a highly conserved prokaryotic GTPase that functions to regulate numerous actions in bacteria (16, 46) . It is a member of the family of bacterial translational GTPases. There are nine families of translational GTPases that have been classified based on their amino acid sequence similarities with archetypical translation factors such as EF-G, EF-Tu, and initiation factor 2 (IF2) (31) . Typically, one BipA ortholog is present per genome. BipA orthologs are large proteins (ϳ67 kDa) consisting of an N-terminal GTPase domain, a central area of unknown function, and a C-terminal region that shares sequence homology with EF-G (16, 31) .
The exact function of BipA in bacteria is not understood, although BipA has been implicated in the regulation of virulence and stress response events. For example, the expression of BipA in enteropathogenic Escherichia coli (EPEC) and Salmonella enterica serovar Typhimurium is induced sevenfold in response to bactericidal/permeability-increasing protein, an antimicrobial polypeptide produced by granulocytes (2, 38) . BipA is essential in EPEC for actin pedestal formation in host epithelial cells, flagellum-mediated motility, and resistance to host defense mechanisms. It is also required for expression of genes from the locus of enterocyte attachment and effacement and espC pathogenicity islands in both EPEC and enterohemorrhagic E. coli (16, 20) . Additional evidence links BipA to the temperature-dependent expression of group 2 capsule gene clusters in E. coli (44) . Perhaps most interesting is the finding that an EPEC BipA null mutant failed to initiate virulence events, whereas increased BipA expression in this same system upregulated these processes (16) .
BipA has also been connected to bacterial stress responses, such as those associated with symbiosis and adverse growth conditions (27) . In EPEC, E. coli K-12, Bacillus subtilis, and Pseudomonas putida, BipA has been shown to be crucial for low-temperature growth (3, 21, 37, 41) . The most direct demonstration of the requirement of BipA for survival under adverse cellular conditions is a study showing that a Sinorhizobium meliloti BipA null strain failed to grow at low temperature, at low pH, and in the presence of sodium dodecyl sulfate (SDS) (27) . In addition, this strain was unable to carry out the various functions associated with nitrogen-fixing symbiosis. Interestingly, all phenotypes could be rescued with the addition of wild-type S. meliloti or E. coli BipA. Moreover, in the plant Cucumis sativus, the absence of BipA suppresses sexual development, indicating that it is essential for proper developmental events (1) .
The evidence presented above supports the concept that BipA functions in bacteria not simply as a translation factor but rather as one critical to the regulation of stress adaptation and pathogenicity. To begin to understand the mechanism of action of BipA, we investigated the GTPase and ribosomebinding properties of S. enterica BipA under adverse cellular conditions. This system was selected because Salmonella infections are a significant public health threat worldwide, yet Sal-monella pathogenicity, which requires the coordinated expression of numerous virulence factors and pathways, is not well understood (6) . Data are presented which parallel those previously reported for E. coli BipA to show that S. enterica BipA, in its GTP-bound state, associates primarily with the 70S ribosome (35) . Therefore, BipA exhibits behavior analogous to that of a classic GTPase, binding to its partner in the GTPbound state and dissociating upon hydrolysis of the GTP to GDP. Steady-state kinetic studies demonstrate that binding to the 70S ribosome enhances the GTP hydrolysis activity of the protein fourfold. In addition, evidence is presented to indicate that cellular levels of GTP and guanosine 3Ј,5Ј-bispyrophosphate (ppGpp) influence the association of BipA and the ribosome, providing a clue as to how BipA functions in stress adaptation in bacteria.
MATERIALS AND METHODS
Plasmid construction. The cDNA encoding full-length Salmonella enterica serovar Typhimurium BipA was amplified from genomic DNA (ATCC 700720D) using Pfu Turbo DNA polymerase (Stratagene) with the oligonucleotides 5Ј CTA ACG TAC ATA TGG TGA TCG AAA ATT TGC GTA ACA TCG CC 3Ј) (oligonucleotide a) and 5Ј CGT GGA TTC TTA CTC TTC TTT CTG ACC ACG GTT CGC 3Ј) (oligonucleotide b), digested with NdeI and BamHI (NdeI and BamHI sites are underlined), and inserted into the NdeI and BamHI restriction sites in the T7 promoter-based expression vector pJES307 to yield pEF41 (49) . An N-terminal His-tagged BipA construct was also made by insertion of the PCR product produced with oligonucleotide a described above and 5Ј ACT CGA GTT AAT TTC TCT TTC GAG CTA TAA TAT GAA TTG G 3Ј (the XhoI site is underlined), digested with NdeI and XhoI, and cloned into the NdeI and XhoI sites of the vector pET28a (Novagen) to produce plasmid pWW3. Plasmids were confirmed by DNA sequencing (UConn DNA Biotechnology Facility). The Lys18Ala (K18A) BipA variant was constructed using a QuikChange site-directed mutagenesis kit (Stratagene) (primers 5Ј TGA CCA  TGG TGC AAC TAC CCT GGT TGA TAA GCT CCA GCA AT 3Ј and 5Ј  ACC AGG GTA GTT GCA CCA TGG TCA ACG T 3Ј; mutagenesis sites are  underlined) . Plasmids were confirmed with DNA sequencing.
Protein expression and purification. E. coli BL21(DE3) cells were transformed with either pEF41 or pWW3. Cells were grown in Luria-Bertani medium supplemented with 100 g/ml ampicillin or 30 g/ml kamamycin at 37°C. At mid-log phase, BipA expression was induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) (Anatrace). The cells were grown for an additional 12 h at 18°C and harvested by centrifugation in a Beckman GSA rotor (5,000 ϫ g, 30 min, 4°C). The cells were washed in 200 mM NaCl, 20 mM Tris-HCl (pH 7.5), 2 mM 2-mercaptoethanol (␤ME) (buffer A), pelleted a second time, and stored at Ϫ20°C.
All protein purification was carried out at 4°C. Untagged BipA was purified as follows. Cells were resuspended in buffer A and lysed by sonication. The lysate was clarified by centrifugation (20,000 ϫ g, 30 min, 4°C; SA600; Sorvall). Ammonium sulfate was added to the lysate to 55% saturation. The precipitated protein was collected by centrifugation (10,000 ϫ g, 30 min, 4°C; SA600; Sorvall). The pellet was resuspended in 50 mM NaCl, 20 mM bis-Tris (pH 7.0), 5 mM ␤ME and dialyzed against two 4-liter volumes of the same buffer. The protein was filtered, applied to a 70-ml MonoQ column (GE Healthcare), and eluted with a 0.15-to-0.6 M NaCl gradient. Fractions containing BipA were identified by SDS-polyacrylamide gel electrophoresis (PAGE), dialyzed against 20 mM potassium phosphate, 100 mM NaCl, 5 mM ␤ME, and loaded onto a 70-ml ceramic hydroxyapatite type 1 column (Bio-Rad). The protein was eluted using a 0.02-to-0.5 M NaCl gradient. BipA fractions were pooled, concentrated, and subjected to gel filtration chromatography using a Superdex 200 16/60 preparationgrade column (GE Biosciences) equilibrated in buffer A.
His-tagged BipA was purified by application of clarified filtered lysate onto a 10-ml HisTrap FF crude column (GE Biosciences). BipA was eluted with a 20-to-500 mM imidazole gradient. Fractions containing BipA were pooled, concentrated, and subjected to gel filtration as described above. His-tagged and untagged BipA fractions were more than 95% pure, as assessed by SDS-PAGE. Protein concentrations were determined with a Bradford assay using serum albumin as the standard.
Ribosome isolation. Ribosomes were purified based on the method described by Spedding (47) . Salmonella enterica (ATCC 700720) cells were grown at 37°C until mid-log phase. The cells were harvested by centrifugation (10,000 ϫ g, 10 min, 4°C in a GSA rotor; Beckman) and resuspended in 10 mM Tris-HCl (pH 7.5), 10 mM magnesium acetate [Mg(OAc) 2 ], 30 mM NH 4 Cl, and 1 mM dithiothreitol (DTT) (buffer B). Cells were lysed by two passages through a French press at 15,000 lb/in 2 , and 500 U of RNase-free DNase I (Roche Diagnostics) was added. The lysates were clarified twice by centrifugation (30,000 ϫ g, 30 min, 4°C in a Sorvall SA600 rotor). The resulting supernatant was layered onto a 1.1 M sucrose cushion in buffer B and centrifuged at 100,000 ϫ g for 16 h at 4°C using a type 70.1 Ti rotor (Beckman) to produce a crude ribosomal pellet (47) . Pellets were resuspended by stirring overnight at 4°C. The resulting suspension was clarified by centrifugation (30,000 ϫ g, 15 min, 4°C), and then ribosomes were pelleted at 100,000 ϫ g for 60 min at 4°C in a type 70.1 Ti rotor (Beckman), resuspended in buffer B, and stored at Ϫ80°C until use.
To obtain purified 70S ribosomes, 30 A 260 units of the crude ribosome preparation were applied to a 35-ml 7-to-47% RNase-and DNase-free sucrose density gradient made with buffer B and centrifuged at 96,000 ϫ g for 430 min at 13°C in an SW28 rotor (Beckman). All sucrose density gradients were prepared by discontinuous loading of multiple density layers followed by an overnight incubation at 4°C to produce a continuous gradient. The 70S ribosomes were quantitated by absorbance at 260 nm, where 1 optical density unit is equal to 23 pmol.
To isolate 50S and 30S ribosomal subunits, the ribosomal pellet was resuspended in 20 mM Tris-HCl (pH 7.5), 10 mM Mg(OAc) 2 , 500 mM NH 4 Cl, 2 mM DTT. Thirty A 260 units was applied to a 35-ml 7-to-47% sucrose gradient in the same buffer and centrifuged at 96,000 ϫ g for 430 min at 13°C. Fractions containing the individual subunits were pooled and pelleted at 100,000 ϫ g for 2 h at 4°C in a type 70.1 Ti rotor (Beckman). Pellets were resuspended in buffer B by gentle stirring overnight at 4°C. Ribosomes and ribosomal subunits were flash frozen in liquid nitrogen and stored at Ϫ80°C until use. Quantitation of subunits was determined by absorbance at 260 nm, where 1 A 260 unit is equivalent to 69 or 34.5 pmol of 30 or 50S ribosomes, respectively (13) .
Steady-state GTP hydrolysis assays. Nucleotide hydrolysis activities of BipA were determined by measuring the release of free phosphate by the malachite green-ammonium molybdate colorimetric assay (28) . Reactions were performed at constant BipA concentrations of 1 M and various GTP (GE Biosciences) concentrations from a 10-fold to a 5,000-fold molar excess of protein, which falls within the linear range of the assay. Hydrolysis reactions proceeded at 37°C in 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 20 mM Mg(OAc) 2 , and 2 mM DTT for 180 min. Color formation was measured at 660 nm using a Beckman Coulter DU 640 spectrophotometer. Reactions were repeated a minimum of three times. Values for k cat were determined by fitting the data to the Michaelis-Menten equation with nonlinear regression curve fitting using GraphPad Prism (GraphPad Software Inc.; version 4.0) and are reported as average values with standard deviations. To study the effect of ribosomes on the GTPase activity of the protein, 5 nM of purified ribosomes was incubated with 1 M BipA for 15 min at 25°C. The reaction mixture was then assayed for hydrolysis activity as described above.
Ribosome profiles. The in vivo association of BipA and the ribosome was monitored by using sucrose density gradients. S. enterica SB300A cells (32) transformed with pWW3, encoding His-tagged BipA, were grown at 37°C until mid-log phase. Arabinose was added to a final concentration of 0.2%. After 2 h, the cells were harvested, resuspended in buffer B, and lysed using a French press. The lysate was clarified by centrifugation (10,000 ϫ g, 10 min, 4°C). Thirty A 260 units of the supernatant was applied to a 35-ml 7-to-47% sucrose density gradient and centrifuged at 96,000 ϫ g for 430 min at 13°C using a SW-28 rotor (Beckman). The gradient was monitored at 254 nm and fractionated (1.5 ml) using an AKTA fast-performance liquid chromatograph (GE Biosciences). Individual fractions were trichloroacetic acid (TCA) precipitated, resuspended in SDS loading buffer, and run on a 12.5% SDS-PAGE gel. Fractions containing Histagged BipA were identified by immunoblotting and detected using a HisDetector Western blot kit (KPL, Inc.).
To assess the association of BipA and the ribosome during a stringent response, SB300A cells transformed with the His-tagged BipA plasmid (pWW3) were grown at 37°C until mid-log phase. Arabinose was then added to a final concentration of 0.2%. After 90 min, serine hydroxamate (SHX) was added to a final concentration of 0.1 mM. Cells were grown for an additional 30 min, harvested by centrifugation (10,000 ϫ g, 10 min, 4°C in a Beckman GSA rotor) and resuspended in buffer B. The cells were lysed using a French press. Sucrose density centrifugation and immunoblotting as described above were used to analyze cosedimentation of BipA with various ribosomal species. Similar experiments were carried out to observe the association of BipA under conditions of heat shock and cold shock. Specifically, SB300A cells containing His-BipA were grown under the conditions described above. After induction with arabinose, the (13) . 70S, 50S, and 30S ribosomal species (100 pmol) were incubated with 100 pmol of His-tagged BipA and, where indicated, 2 mM of GDP, GMPPNP (Sigma-Aldrich), GTP (GE Biosciences), or ppGpp (Trilink Biotechnologies) in 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 20 mM Mg(OAc) 2 , and 2 mM DTT for 30 min at 30°C. Samples (20 l) were overlaid onto a 2.2-ml sucrose cushion consisting of 1.1 M sucrose, 20 mM Tris-HCl (pH 7.5), 20 mM Mg(OAc) 2 , 50 mM NH 4 Cl, and 2 mM of either GDP, GMPPNP, or GTP and centrifuged at 250,000 ϫ g for 150 min at 4°C in an S55-A rotor (Sorvall). The supernatant was removed, and the pellets were dissolved in 1 ml of buffer B. Supernatant and pellet fractions were precipitated with 10% TCA and resuspended in 200 l 2ϫ SDS-PAGE loading buffer, and 25 l was loaded onto a 12.5% SDS-PAGE gel. Prestained Kaleidoscope markers (Bio-Rad) were used as molecular mass markers. Proteins from the gel were transferred onto an Immobilon-P transfer membrane (Millipore), and His-tagged BipA was visualized using a HisDetector Western blot kit (KPL, Inc.) according to the manufacturer's protocol. Pure BipA in the absence of ribosomes and BipA K18A were included as controls.
Pelleting assays were also used to determine stoichiometries of the BipAribosome complexes. 70S or 30S ribosomal subunits (100 pmol) were incubated with 25 to 500 pmol of His-BipA and 2 mM of GMPPNP (Sigma-Aldrich) or ppGpp (Trilink Biotechnologies) in 20 mM Tris-HCl (pH 7.5), 20 mM Mg(OAc) 2 , 50 mM NH 4 Cl for 30 min at 30°C. Samples were overlaid onto sucrose cushions, and pelleting assays were carried out as described above. The amount of ribosome-bound His-tagged BipA in the pellet was calculated from a standard curve. Western blots were photographed and analyzed using a Kodak Gel Logic 100 imaging and analysis system (Eastman Kodak Company, Rochester, NY).
RESULTS

BipA binds to 70S ribosomes in vivo.
The in vivo association of S. enterica BipA and the ribosome under normal growth conditions was monitored using sucrose density gradients. No exogenous nucleotide was added to the samples. As shown in Fig. 1 , BipA cosediments with 70S ribosomes. BipA was not detected in fractions corresponding to either the 30S or 50S ribosomal species or to polysomes; however, BipA was found at the top of the gradient. This observation is consistent with the idea that BipA dissociates from the ribosome over the course of the experiment or that BipA-binding sites on the ribosome are saturated. Alternatively, since no exogenous nucleotide was added to the cell extracts, the unbound BipA at the top of the gradient may be present in its GDP-or guanine nucleotide-free state. Similar results have been reported for E. coli BipA (35) . Sucrose gradient profiles were also used to assess ribosome binding by a BipA construct with a single site-directed substitution, K18A. The comparable modification in Ras (K16A) causes a severe reduction in GTP turnover rates due to the inability of the protein to properly coordinate the guanine nucleotide and Mg 2ϩ in its active site (36, 48) . Equivalent site-directed substitutions are routinely used to produce "inactive" GTPases. BipA K18A was unable to bind to the ribosome, suggesting that nucleotide binding and/or turnover by BipA is necessary for its association with the ribosome.
BipA binds to 70S ribosomes in the GTP-bound state. An in vitro pelleting assay was used to determine if S. enterica BipA binds to isolated S. enterica ribosomes in the apo-, GDPbound, or GTP-bound form. Full-length untagged and Histagged S. enterica BipA was overexpressed in E. coli and purified by standard chromatographic methods. The addition of a six-residue histidine tag at the N terminus of BipA expedited protein purification and did not adversely affect the GTPase activity of the protein (discussed below). SDS-PAGE analysis of both proteins shows a single band with an apparent molecular mass of ϳ74 kDa. Because the apparent mass of the proteins was larger than expected, mass spectrometry was used to confirm that the masses of the purified proteins were consistent with untagged and His-tagged full-length BipA. Gel filtration chromatography indicated that both proteins behave as monomers in solution, as determined by comparison to molecular mass standards (data not shown).
Purified BipA and either 30S, 50S, or 70S ribosomes were incubated in the presence of various guanine nucleotides, including the nonhydrolyzable GTP analog GMPPNP, and then sedimented through a 1.1 M sucrose cushion. As shown in Fig.  2 , S. enterica BipA exhibits some binding to all three ribosomal species but associates predominantly with 70S ribosomes in the GMPPNP-bound state. E. coli BipA demonstrates the same pattern of ribosome association (35) . Not surprisingly, BipA is observed in both the supernatant and pelleted fractions of the BipA-GTP-70S sample. This is likely due to partial hydrolysis of GTP to GDP during centrifugation with the concurrent dissociation of the GDP-bound BipA from the ribosome. These data indicate that BipA has maximum affinity for 70S ribosomes in the GTP-bound state. In addition, these results suggest that the association of BipA and the ribosome is likely regulated by the hydrolysis of the bound GTP to GDP or by the loss of bound GTP.
Pelleting assays were also utilized to measure the stoichiometry of S. enterica BipA binding to 70S ribosomes in the presence of GMPPNP. Increasing concentrations of BipA, up to 500 pmol, were incubated with 100 pmol of 70S S. enterica ribosomes. The ribosomes were pelleted through a sucrose cushion and the amount of 70S-BipA-GMPPNP determined by Western blotting. As shown in Fig. 3 , BipA-GMPPNP binds to 70S particles in a stoichiometry of approximately 1:1.
GTP hydrolysis by BipA is stimulated in the presence of the ribosome. Steady-state kinetic analysis of GTP hydrolysis by S. enterica BipA, in the presence and absence of various ribo-FIG. 1. Ribosome association profiles of S. enterica BipA under normal growth conditions. SB300A cells expressing minimal levels of BipA or BipA K18A were treated with 0.1 mg/ml chloramphenicol for 3 min prior to harvest. Cell lysates were prepared and separated over 7-to-47% sucrose gradients. Gradient fractions were TCA precipitated and analyzed for BipA by immunoblotting against the His 6 tag using a HisDetector Western blot kit. The positions of the 30S, 50S, and 70S ribosomal species are labeled, as well as those of polysomes.
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somal species, was carried out using the malachite greenmolybdate colorimetric assay (Fig. 4) . Similar to other bacterial GTPases, BipA slowly catalyzes the hydrolysis of GTP. The k cat values for His-tagged and untagged BipA were similar: 19.8 Ϯ 0.1 h Ϫ1 and 27.0 Ϯ 0.2 h Ϫ1 , respectively. The BipA K18A construct was used to assess background levels of GTP hydrolysis. Hydrolysis rates of the BipA K18A protein fell below levels that are easily detectable by the malachite green assay. This is indicative of a protein with greatly diminished capacity to carry out hydrolysis of GTP to GDP, presumably due to a decreased ability to bind nucleotide. These results are in agreement with our observation that BipA K18A is unable to bind ribosomes in vivo.
Similar to other bacterial GTPases, the GTPase activity of S. enterica BipA was enhanced in the presence of ribosomes. When BipA was incubated with 30S and 50S subunits, an
FIG. 2. S. enterica
BipA binds preferentially to 70S ribosomes in the presence of GTP. Equimolar amounts of purified His-tagged BipA and purified 30S, 50S, or 70S ribosomal species were incubated with excess guanine nucleotide (GDP, GTP, or GMPNP) for 30 min at 30°C. The reaction mixtures were sedimented through a 1.1 M sucrose cushion. The ribosome-associated fraction (pellet [P] ) and the unbound fraction (supernatant [S]) were TCA precipitated and analyzed by SDS-PAGE and immunoblotting. BipA was detected with a HisDetector Western blot kit. Pure BipA in the absence of ribosomes was included as a control.
FIG. 3. Stoichiometry of the S. enterica
BipA-ribosome complexes. The binding of various amounts of BipA-GMPPMP to 70S ribosomes (100 pmol) is shown. BipA-ribosome complexes were isolated using a sucrose cushion. The amount of ribosome-bound BipA was measured by Western blotting using a HisDetector kit and compared with known amounts of BipA used as standards.
FIG. 4. GTP hydrolysis rates of
BipA in the presence of various ribosomal species. Kinetic assays were done by utilizing the malachite green phosphate assay as described in Materials and Methods. Initial rates were determined based on the amount of phosphate produced after the reactions had proceeded for 180 min at 37°C. Reactions were done in triplicate. Values of k cat were determined by fitting the Michaelis-Menten equation using nonlinear regression algorithms furnished with the GraphPad Prism software package (GraphPad Software, Inc.). Background hydrolysis levels were assessed by measuring the GTPase activity of BipA K18A (ϫ). GTP hydrolysis rates of BipA alone (F) and in the presence of 5 nM of either 30S (᭛), 50S (‚), or 70S (f) ribosomes are shown. (Fig. 4) . Association of BipA and ribosomes under conditions of stress. As stated previously, numerous lines of evidence have indicated that BipA is involved in bacterial stress responses such as those associated with virulence and the stringent response (16, 20, 27, 37) . By definition, the stringent response refers to an adaptation of bacteria to the onset of stress, usually in the form of nutritional depletion (11, 23) . Because the cellular actions of BipA are determined by its GTPase activities as well as its association with the ribosome, sucrose gradients were used to assess the association of BipA and the ribosome after the onset of the stringent response.
SB300A cells expressing minimal levels of the His-tagged BipA were grown to mid-log phase in minimal medium, and then SHX was added. SHX, an amino acid analog which inhibits the charging of serine tRNAs, is routinely used to elicit the stringent response (51) . After 20 min, the cells were harvested and the association of BipA with the ribosome assessed. As shown in Fig. 5A , there was a substantial change in the association pattern of BipA and the ribosome following the onset of the stringent response. A portion of BipA was present at the top of the gradient, and the remainder cofractionated with the 30S ribosomal subunits. This is in contrast to a parallel experiment without SHX, where BipA was bound to 70S particles. Interestingly, the relative amounts of 30S, 50S, and 70S ribosomal species observed in the normal and stressed ribosome profiles were similar. Therefore, the observed changes in the BipA-ribosome association under stringent-response conditions is not a result of an increase or decrease of ribosomal species but is in fact an alteration in the specificity of the association of BipA with different ribosomal species.
To determine whether the association of BipA and the ribosome is also modified under other adverse cellular conditions, BipA-ribosome complex formation was assessed under conditions of extreme-temperature growth. In brief, SB300A cells transformed with His-tagged BipA were grown at 37°C in minimal medium until mid-log phase, and BipA expression was induced. The cultures continued to grow for an additional hour at 42°C or 4 h at 16°C before cells were harvested. Cell lysates were separated by sucrose gradients, and the ribosome association patterns were determined by Western blotting (Fig. 5B) . The distribution of BipA was similar to that observed during the stringent response. That is, BipA cosedimented with the 30S particles, whereas none was detected bound to 70S ribosomes.
Association of BipA and ppGpp in vitro. It is often the case that when bacterial cells are stressed, GTP concentrations fall rapidly while levels of the alarmone guanosine-3Ј,5Ј-bisdiphosphate (ppGpp) become elevated (34). Thus, it is possible that the change in the association of BipA with the ribosome could be due to a substantial increase in the ppGpp levels in the cell upon the addition of SHX. To test this hypothesis, an in vitro ribosome-binding assay was utilized. Purified S. enterica ribosomes and His-tagged BipA were incubated with excess amounts of GDP, GMPPNP, or ppGpp. The samples were applied to sucrose gradients and centrifuged, and fractions from the ribosome profile were analyzed by Western blotting. Consistent with previous data, in the absence of nucleotide or in the GDP-bound state, BipA was observed at the top of the gradient, indicating that it was free in solution and did not associate with any ribosomal species (Fig. 6A) . Moreover, BipA cofractionated with the 70S ribosomes when incubated with GMPPNP, the nonhydrolyzable GTP analog. Strikingly, when BipA was mixed with excess ppGpp, it was detected in the ribosome fraction corresponding to the 30S subunit, suggesting that ppGpp influences the ribosome association properties of BipA.
The stoichiometry of S. enterica BipA-30S complex in the presence of ppGpp was determined using pelleting assays. Increasing concentrations of BipA were incubated with 100 pmol of 30S ribosomes. The ribosomes were pelleted through a sucrose cushion, and the amount of 30S-BipA-ppGpp was quantified based on a standard curve. As shown in Fig. 6B , BipA associates with 30S particles in a 1:1 molar ratio when ppGpp is present.
BipA is sensitive to levels of GDP and ppGpp. Hydrolysis assays were used to determine what effect, if any, ppGpp might have on the GTPase activities of BipA. Over the standard time course of the reaction (180 min), no significant hydrolysis of ppGpp by BipA alone was observed (data not shown). To determine if the presence of ppGpp affects the 70S-stimulated GTP hydrolysis activity of BipA, 1 M of BipA and 1 M of ppGpp were incubated together for 30 min at 25°C and then assayed for hydrolysis activity (Fig. 7A) . Compared to the 70S-stimulated hydrolysis values of BipA reported above, there was a slight decrease in k cat , from 83.9 Ϯ 0.2 h Ϫ1 to 56.2 Ϯ 3.9 h Ϫ1 . This suggests that the presence of ppGpp negatively influences the GTP hydrolysis rates of the protein, perhaps by altering the affinity of BipA for GTP.
To further characterize this event, the intrinsic GTPase activity of BipA was measured in the presence of increasing amounts of ppGpp. Intriguingly, low concentrations of ppGpp, below 40 M, have a stimulatory affect on the GTPase activity of BipA; however, above 40 M ppGpp, we observe a marked inhibitory affect (Fig. 7B) . In a similar manner, GDP was added to the hydrolysis reaction mixture. An increase in GDP-GTP ratios in the reaction mixture resulted in inhibition of the GTP hydrolysis rates of BipA but at a much higher concentration than seen with ppGpp (Fig. 7C ). This inhibition of the GTPase activity by GDP was previously observed for E. coli BipA (35) .
DISCUSSION
GTPases exert their regulatory effects through their ability to form specific stable interactions with cognate partners. Such interactions are dictated by the nucleotide-bound state of the protein, as is the case of the association of BipA with the ribosome. Our analysis of the ribosome-binding properties of S. enterica BipA indicate that although BipA shows some affinity for all three ribosomal subunits, it associates predominantly with the 70S subunit in its GTP-bound state. We also demonstrated that it does not bind to the 70S ribosome in its GDP-bound state. Thus, BipA behaves as a classic GTPase, binding to its cognate partner in the GTP-bound form and dissociating when the bound GTP is hydrolyzed to GDP. These results are consistent with those previously reported for E. coli BipA, suggesting that this mode of action is common to the BipA family of proteins (35) . Our steady-state kinetic studies indicate that BipA alone hydrolyzes GTP at a low rate (k cat ϳ 22 h Ϫ1 ). The steady-state rates of GTP turnover by BipA is slightly higher than rates of p21H-Ras, E. coli EF-Tu, and E. coli YjeQ, which are 1.7, 2.2, and 8.1 h Ϫ1, respectively (14, 17, 45) but is lower than those reported for Thermotoga maritima and E. coli EngA (4, 43) . Upon the addition of 30S or 50S ribosomal subunits, a slight increase in k cat was observed, whereas a greater increase was seen in the presence of intact ribosomes. These data indicate that, as with most bacterial GTPase families, GTP hydrolysis by BipA is stimulated by the presence of the ribosome. We also determined background GTPase activity by constructing a BipA K18A site-directed substitution. The K18A construct demonstrated little or no GTP hydrolysis activity and did not bind to 70S ribosomes in the presence of GTP.
Of interest is the recently established link between bacterial FIG. 6. Binding of BipA to the ribosome in the presence of GDP, GMPPNP, and ppGpp. (A) Binding was measured by incubating equimolar concentrations of ribosomes and His-tagged BipA in the presence of a 20-fold molar excess of GDP, GMPPNP, or ppGpp at 30°C for 30 min. The sample was then applied to a 7-to-47% sucrose gradient and centrifuged. Fractions containing 30S, 50S, and 70S ribosomal subunits were pooled, as well as the top and the bottom of the gradient. Unbound BipA remains on the top of the gradient. The bottom of the gradient was collected to look for any precipitated components. The samples were analyzed by immunoblotting and detected using a HisDetector Western blot kit. (B) The binding of increasing amounts of BipA-ppGpp to 30S ribosomal subunits (100 pmol) was measured as described for Fig. 3 by isolating BipA-ribosome complexes using a sucrose cushion. The amount of ribosome-bound BipA was measured by Western blotting using a HisDetector kit and compared with known amounts of BipA as standards. GTPases and ppGpp, an alarmone synthesized from GTP (9, 33) . ppGpp acts as a global regulator in bacteria and is essential for physiological adaptation to diverse environmental conditions (7, 30) . This adaptation is crucial if bacteria are to survive periods of stress, nutrient depletion, and events associated with interaction with eukaryotic hosts, for example, during pathogenesis and symbiosis. This is especially important for bacteria associated with food-borne infections, such as S. enterica, as they experience environmental extremes during transfer, ingestion, and digestion. IF2 is an essential GTPase that functions to position the initiator fMet-tRNA on the P site of the ribosome to enhance translation initiation. It was shown that ppGpp binds to IF2, inhibiting the formation of the initiation complex and downregulating translation initiation (33). Milon et al. speculate that IF2 acts as a metabolic sensor switch (33) . When GTP is present, the protein is active and protein synthesis proceeds. During stress, cellular GTP levels drop and ppGpp levels are elevated. Concurrently, IF2 binds to ppGpp, translation events are stalled, and the bacteria are protected from adverse cellular conditions.
The Obg/CgtA family is another family of prokaryotic GTPases whose primary function in the cell is 50S ribosome assembly (8) . For years, emerging evidence also suggested a relationship between Obg and stress responses associated with ppGpp. For example, B. subtilis Obg cocrystallized with ppGpp in its nucleotide-binding site (9) . In another study, E. coli CgtA copurified with SpoT, a bifunctional (p)ppGpp synthetase (52) . SpoT, together with RelA, regulates ppGpp accumulation in response to cell stress and nutrient deprivation (7) . Both SpoT and RelA are thought to associate with and are functionally supported by the ribosome (19, 39, 42) . Recently, CgtA was shown to promote SpoT-dependent activities on the ribosome (24) . This study, as well as additional work with Vibrio cholerae, revealed that the interaction of CgtA and SpoT influences ppGpp levels in vivo (40) .
We have also discovered a link between BipA and ppGpp. As stated previously, numerous lines of evidence indicate that BipA is involved with the regulation of virulence and stressrelated genes. Therefore, we hypothesized that ribosome binding or biochemical properties of BipA may also be affected by adverse cellular conditions. Sucrose density gradients were used to observe the association of BipA and the ribosome under normal growth conditions and after the onset of the stringent response. During exponential growth, BipA binds to 70S ribosomes. Strikingly, when SHX is added to the cells, there is a dramatic change in the ribosome association pattern of BipA. BipA cosediments with 30S ribosomal subunits. However, the relative quantities of 70S ribosome and individual subunits are unaltered. Therefore, the 30S binding by BipA is not due to the disruption of the 70S ribosome into its component parts but is rather a change in the specificity of BipA for a given ribosomal particle.
The stringent response refers to an adaptation of bacteria to nutrient depletion and correlates with an increase in levels of ppGpp (23) . Thus, the stringent response has been utilized extensively to examine the effect of ppGpp induction on cellular processes (23, 30, 51) . In a nutrient-rich environment, cellular GTP concentrations are high and those of ppGpp are low. When bacterial cells are starved for amino acids or carbon, GTP concentrations fall rapidly while levels of ppGpp rise (34) . GTPases are well suited to bind ppGpp (9), and so it was possible that under adverse cellular conditions, BipA was bound to ppGpp. Using ribosome-binding assays with purified components, we demonstrated that GTP-bound BipA associates with the 70S ribosomes, whereas in the presence of excess ppGpp, BipA associates only with 30S ribosomal subunits. Because these findings mirror the in vivo results, it is probable that the increase in ppGpp brought on by SHX addition is responsible for BipA binding to the 30S ribosomes. We also demonstrated that ppGpp inhibits GTPase activities of BipA as well as 70S-stimulated hydrolysis, suggesting that GTP and ppGpp both bind to the nucleotide-binding site of BipA.
To build on the hypothesis that the cellular environment influences the ribosome-binding properties of BipA, the association of BipA and the ribosome was examined under highand low-temperature growth conditions. BipA cosediments with the 30S ribosome species under both conditions. In general, cellular levels of ppGpp become elevated in the course of heat shock, whereas they have been reported to both increase and decrease during cold shock (18, 22, 25, 29, 50) . Therefore, while elevated ppGpp levels can account for the formation of the 30S-BipA complex during nutrient depletion and temperature elevation, the association of BipA with 30S particles observed in vivo during cold shock might involve some alternate stress signals.
Taken together, the results establish the idea that BipA has two ribosome-binding modes. Under normal cellular conditions, GTP-bound BipA associates with 70S ribosomes. However, under conditions of stress, BipA associates with 30S ribosomes. Therefore, we speculate that at least two BipA ribosome complexes, one promoted by GTP and the other related to ppGpp and possibly other stress factors, influence how the bacteria respond to environmental conditions and therefore may affect translation, stress responses, and virulence events. Studies are ongoing to identify the nature of the BipA ribosome complexes in the hope of shedding light on the molecular mechanism of action of this protein.
